Resumo -Neste trabalho foi desenvolvido um modelo dinâmico de um aquecedor elétrico de ar operando em regime transiente, partindo de um balanço de energia no aquecedor considerando a energia fornecida para o sistema pelas resistências elétricas, a energia perdida para as vizinhanças por convecção e o acúmulo de energia no sistema, resultando num modelo dinâmico representado por uma equação diferencial ordinária de primeira ordem com dois parâmetros a serem determinados. Os parâmetros do modelo foram ajustados pelo método dos mínimos quadrados. Na validação do modelo foram utilizadas medidas experimentais de temperatura do ar na saída do aquecedor, obtidas a partir de diversas perturbações na voltagem imposta ao aquecedor elétrico aguardando que o sistema alcançasse a condição de regime permanente. Os resultados obtidos revelaram que o modelo representa adequadamente o comportamento do sistema operando tanto em regime transiente como permanente e apontam que este modelo pode ser utilizado para fins de simulação, análise e projeto de aquecedores elétricos.
INTRODUCTION
Electric heaters are devices capable of converting electrical energy into heat. These heaters can be used to heat fluids such as water and air for industrial processes such as the drying of solids and processes that require heat exchangers. According to Mathur (2011) , these equipments are usually used when the heat demand is low or for plant startups prior to the availability of hot oil or stream. Electric heaters can also be used to supply deficient heat capacity on the surface of outdoor heat exchanger where frosting condition may occur due to low-temperature and high-humidity during winter (Kwak and Bai, 2010) . It is possible to increase the heating capacity and the coefficient of performance (COP) when using electric heaters in this system (Kwak and Bai, 2010) . In the cold storage process, electric heaters are used to defrost the frost deposition on the evaporator that may occur due to low temperature, which can decrease the cooling capacity and the COP (Yin et al., 2012) .
Temperature control in these processes is extremely important, especially for the drying of grains, as reported by Coutinho et al. (2004) . According to these authors, the lack of temperature control in the drying of seeds can suppress the germination. Furthermore, according to Silva (2000) , the amount of heat supplied in a drying process has definite effect on the nutritional value of the grain.
Fluid heating systems are directly related to the energy cost of the process. According to Luz et al. (2006) , drying is a step of agricultural production that consumes a lot of energy. Reinato et al. (2002) argue that the efficient management of the drying step contributes to reduced operational costs due to the economy of energy that is provided by the optimal control of the process. Therefore, modeling, simulating and validating the performance of heating systems is extremely important for process optimization.
These models can also assist the air temperature control where temperature modulation is necessary such as the intermittent drying. Recently, the intermittent operation mode of the drying process of crops products has been investigated by a significant number of authors (Chua et al., 2000a,b; Chua et al., 2003; Holowaty et al., 2012; Kowalski e Pawlowski, 2011; Meneghetti et al., 2012; Oliveira & Rocha, 2007; Putranto et al., 2011; Ramallo et al., 2010) . One of the main aims of the intermittent operation is to minimize the energy consumption and to achieve better quality of products (Putranto et al., 2011) .
Contrary to the traditional operation mode, the intermittent drying supply the system with time-varying heat input focusing to obtain the best operating conditions. According to Chua et al. (2003) , this new method is beneficial for products whose drying process is controlled by internal diffusion of heat and moisture content, namely for drying in the falling rate period. These authors also add that this time-varying heat mode is also beneficial for heatsensitive materials such as foods, herbs, spices, herbal medicines, pharmaceutical and neutraceutical substances. In this context, it is important to adjust models that can describe this time-varying heat input (transient regime).
Temperature control of electric heaters is done by controlling the voltage applied to the resistance of the fluid heating system. For a given voltage, the fluid will be heated to a certain temperature according to the conditions of the environment in which the heater is inserted. Furthermore, once a disturbance is applied by varying the voltage to a specific value, the system takes a certain time to reach steady state condition, when the temperature stabilizes.
Based on the discussion above, the objective of the present study was to propose a dynamic model of an electric heater operating in the transient regime that could correlate the air temperature profile at the heater outlet with the applied voltage and with the conditions of the environment in which the heater was inserted. The model was validated against experimental data obtained in an electric air heating system used in a fixed bed dryer at bench scale. In addition, the model was applied in the simulation of system with temperature modulation.
MATERIALS AND METHODS

Materials
Air was supplied to the system by a 7 bar air compressor. A rotameter was installed in the pipeline to measure air flow rate. The air went through an electric heater with resistance of 7.60 Ω and surface area of 1.07.10³ cm², which was attached to a variable voltage regulator (VARIAC), and then passed through the fixed bed dryer with internal diameter of 6 cm and length of 30 cm, without packing. A digital psychrometer and a digital stopwatch were also used.
Experimental procedure
The experimental procedure consisted of the following steps: 1)
Air flow rate was set at 100 L/min; 2) Ambient and inlet air temperature were measured with the psychrometer;
3)
The voltage applied to the air heater resistance was adjusted so as to raise the air temperature at the heater outlet (T out ) to 53 °C; 4)
As soon as T out reached 53°C, the stopwatch was started and the variable voltage regulator was simultaneously set at 6.0%, which is equivalent to 6.6 V; 5)
T out was then measured until it reached a constant value (steady state), using the thermocouple located just after the heater, as depicted in Figure 1 ; 6)
Steps 1 through 5 were repeated for each condition of initial T out , voltage, and air flow rate, according to Table 1. For temperature modulation experiment, step perturbations were imposed to the voltage applied to the heater every 5 min during 30 min of heating, setting the value between 10 and 26%, alternately and consecutively. 
Dynamic model
To obtain a mathematical model for the air heating system, an energy balance was applied to the heater box and it can be represented by the following equation:
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• Physical properties such as specific heat, thermal conductivity, and heater resistance are constant over time;
• The thermal conductivity of the material is such that it provides a constant temperature profile around the box; • The outlet air temperature is equal to the box temperature;
With these considerations, each term of the energy balance results in:
where ݉ሶ is the air mass flow rate, cp air is the air specific heat, T in is the air temperature at the heater entrance, T out is the air temperature at the heater exit, h is the overall heat transfer coefficient, As is the box superficial area, V is the voltage applied to the resistors, R is the resistance, t is the time, m box is the mass of the box, cp box is the box specific heat and T box is the box temperature.
The energy input to the system was calculated by the sensible heat due to variation in the inlet and outlet air temperature, while the energy output was represented by the heat lost by natural convection to the surroundings. The average temperature of the air leaving the heater approached the heater temperature, and it was used in Newton's law of cooling. As for energy generation, it came from the heat supplied by the heater resistance. Finally, energy accumulation in the system was represented by the variation of the heater energy with time.
Replacing each term in the global energy balance the following equation was obtained:
Equation (6) represents the first order differential equation that resulted from the dynamic model. It can be rewritten in the form of Equation (7):
where A, B, and C are the model parameters that can be determined by:
The values of density and specific heat of air could be obtained from the literature (Perry and Green, 1998) to estimate the value of parameter B, which resulted in 2.02 and 4.04 J/sK for the flow rates of 100 and 200 L/min, respectively.
Equation 6 represents the model for electrical heaters operating in transient regime and it can be simplified for permanent regime when there is no variance of energy with time leading to the model as proposed by Coutinho et al. (2004) :
The analytical solution of the transient model (Equation 7) results in:
where ܶ ௨௧ బ is the initial value for the air temperature at the heater outlet and the variables D and E are calculated respectively with Equations 13 and 14. Parameters A and C were adjusted based on experimental data of applied voltage, air temperature at the heater inlet, ambient temperature, and air temperature at the heater outlet. These parameters were fitted by minimizing the following objective function (residual sum of squares):
where T exp is the experimental temperature at the heater outlet and T pre is the value of this temperature predicted by the model. The reduced chi-square (χ²), the root mean square error (RMSE) and the increased modeling efficiency (EF) were used to evaluate the efficiency of the adjustment. According to Meisami-asl et al. (2010) , the reduced chi-square determines the goodness of the fit and represents the mean square of the deviation between experimental and predicted data. Then, an ideal value for χ² is the minimum value possible to be obtained. These authors also add that the RMSE value is the deviation between experimental and predicted data and EF is related to the ability of the model to predict the system behavior. Ideally, it is interesting to achieve zero for the RMSE value and 1.0 for the EF value. These statistical parameters were calculated with the following equations:
where No is the number of observations, Nc is the number of constants of the model and ܶ ത ௫ is the mean value of the experimental data.
The overall heat transfer coefficient (h) was estimated from parameter C and compared with literature values. According to Perry and Green (1998) , the value of h in heat exchangers with air (cold stream) and steam (hot stream) is between 6 and 17 W/m²K for natural convection and between 23 and 45W/m²K for forced convection. According to Bird et al. (2002) , h values for heat exchange between gases are in the range 3-20 W/m²K for free convection and 10-100 W/m²K for forced convection. In the case of heat exchange between gases, where one of them is flowing (forced convection) and the other is stationary (natural convection), h is between 3 and 10 W/m²K. According to the correlation proposed by Churchill and Chu (1975) for horizontal cylinders of 10 cm in diameter with a difference of 1-40 °C between the heated gas and ambient air temperatures, the value of h is between 2 and 7.5 W/m²K. Finally, the model was simulated with the adjusted parameters and the deviations between the experimental temperature at the heater outlet and the temperature estimated by the model were calculated.
RESULTS AND DISCUSSION
The adjusted value of parameter C was 1.105 J/sK, resulting in a value of 10.3 W/m²K for the overall heat transfer coefficient, which was in the expected range according to the literature. The average value for parameter A was 697.7 J/K. Table 2 shows the values of the objective function minimized and statistical parameters.
From these results, it is possible to observe that experiments 2 and 18 had the best adjustment due to their great statistical parameters. On the other hand, the worst value obtained were from experiments 23 and 25. However, it was verified that the difference between theses statistical values is due to the number of observations of experiments 23 and 25 that are higher in comparison with experiments 2 and 18. The great number of observations increased the values of the parameters φ, χ² and RMSE.
The great adjustment of all of these experiments is observed on the behavior of curves from Figures 2, 3, 4 and 5 which presents the heating curves respectively for experiments 2, 18, 23 and 25. Moreover, it was verified that the electric heater model could estimate the air temperature outlet during the heating process of all experiments with a maximum deviation near to 3,0% as it is illustrated in Figure 6 . Evaluating the temperature range studied during experiments, this deviation is lower than the thermocouple precision (± 2,2 °C) informed by the producer.
The electric heat model could also describe the periodic temperature behavior from experiment with temperature modulation. Figure 7 depicts the outlet air temperature for the experiment with applied voltage varying alternately and continuously between the points of 6 and 26%. It was possible to describe this time-varying heating process with a global deviation near to 3% as it is shown in Figure 8 . This deviation is also lower than the thermocouple precision under the temperature range achieved. 
CONCLUSION
Results revealed that the model adequately represented the behavior of the system operating in both transient and permanent regimes and showed that this model can be used for simulation, analysis, and design of electric heaters. Moreover, the model was able to predict the behavior of T out with a maximum deviation near to 3.0%. The modulated temperature experiment typical for intermittent drying process could also be described by the model with a global deviation near to 3.0% which is lower than the thermocouple precision. The value obtained for parameter C was 1.105 J/sK, resulting in an overall heat transfer coefficient around 10.3 W/m²K, which is within the order of magnitude reported in the literature.
